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THEORETICAL PREDICTION OF THE EFFECTS OF VORTEX FLOWS ON
THE LOADING, FORCES, AND MOMENTS OF SLENDER AIRCRAFT

By J. Ricitarn Spaun

SUMMARY

Jg %2

A general calculative method based on slender-
body theory is developed for predicting the paths of
portices tn the presence of wing-body combinations
at subsonie, trawsonic, and suwpersonic speeds and the
influernce of the vortices on the loading, forces, and
moments acting on the combinations.  The method
ix applied to wing-body combinations to study the
effects of vortex strength and initial position, com-
bined angles of piel and roll, and wing aspect ratio
on the vorter paths and induced loads.  The results
wndicate that these effects were significant because of
the dependence of the vortex paths and indueed loads
on the vortex strengths and on the proximity of the
portices to the surface of a wing-body combination.

Comparisons of theoretical and experimental re-
sults indicated that the vortex paths and vortee-in-
dueed  forees and mowments for  slender-wing-body
combinations were closely predicted by the slender-
body method, but for nonslender combinations these
characteristios were ondy approximated.  The appli-
cation of an alternate method based on reverse-flow
theory improved the predictions of the vortez-induced
Jorces and moments for the latter combinutions but
impaired tlose for stender eombinations.  The in-
duced forces and moments on the nonslender combi-
nations were sufficiently small that the total forces and
moments could be predicted adequately through the
use of either method.

INTRODUCTION

The effeets of vortex-interference flows generally
must be ealeulated in order to prediet successfully
the acrodynamic loading, forees, and stability
characteristics of airplines or missiles.  For ex-
ample, the results of references 1 and 2 showed that

it was necessary to include estimates of the effeets
of the vortices generated by the forebody or for-
ward lifting surfaces in the prediction ol the lift
and pitching moments of various wing-hody or
wing-body-tail combinations.

Two fundamentally different theoretical meth-
ods, cach involving some basic Himitations, exist
for calculating the vortex-induced
moments on wing-hody-tail combinations.  One
method, which is based on linearized wing theory,
makes use of a reverse-flow theorem (refs. 3 und
4), for caleulating the forces and two-dimensional
strip theory for ealeulating the moments. It is
assumed that the vortex paths are known and
that these paths are parallel to a chord of the wing
panels near which the vortices pass. Additional
assumptions are involved in estimmting the mflu-
enee of the body. This method has been used
suceessfully in the prediction of the aerodynamie
characteristics of combinations having wing or

forces and

tail surfaces of high or moderate aspeet ratio, n
which cases the deviations of the actual vortex
paths from the assumed paths were relatively
unimportant. The other theoretical method for
aleulating the vortex-indueed forees and moments
on wing-body or wing-body-tail combinations is
based on  slender-body  theory (velf. 5). This
method represents a more complete solution to the
vortex-interference problem for slender configura-
tions primarily beeause it takes into account the
actual predetermined vortex paths which may be
influenced significantly by the local flow field of
the combination. No theoretical method  has
heretofore been developed for ealeulating the load
distributions on wing-body combinations due to
vortices.
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The present investigation was undertaken to
achieve the following objectives: (1) development
of a general method based on slender-body theory
for enleulating the paths of vortices in the presence
of wing-body combinations and for computing the
effects of these vortices on the load distributions,
lorces, and stability of complete configurations;
(2) application of this method to the caleulation of
vortex paths and induced loads on various wing-
body combinations; and (3) evaluation of the
method by comparisons of vortex paths, forces,
and moments caleulated by this method with those
caleulated by alternate theoretical methods and
with available experimental results for several
representative configurations,

NOTATION
« body radius
. wing aspect ratio
B V=1
¢ local wing chord
Cn section normal-foree coefficient,
force per unit span in z direction
ge
¢r chord at wing-body juncture
(), rolling-moment coefficient,
moment about r axis
gSd
(See fig. 1.)
(' pitehing-moment coefficient,
moment about ¥ axis
(IASV(I
(See fig. 1)
'x normal-force coeflicient,
force in the z direction
(]bV
(See fig. 1.)
. d(’
Cxg normal-force curve slope, ~—~
({a
«, vawing-moment coefficient,
moment about z axis
qSd
(Sce fig. 1.)
. =P
('p pressure coefficient, PPo
-9

H
('y

Ky

w0,

-
2,2

B

QD Dy A - R

side-force coeflicient,
force in the y direction
(jﬁS‘

(See fig. 1.)

- T
vortex-strength coefficient, 5 1a
B LT

body diameter
vortex interference factor
imaginary part

ratio of lift of wing in presence of body to
lift of wing alone for variable wing
incidence

ratio of lift of wing in presence of body to
lift of wing alone for variable angle of
attack

lift ratio accounting for the additional
lift due to sideslip at a constant angle
of attack

leading edge

free-stream Mach number

local surface static pressure

free-stream static pressure

free-stream dynamic pressure

radius of body in transformed-cirele plane

initial radial position of vortex

local wing semispan (See fig. 1.)

body cross-sectional area

perturbation velocity components in the
a,y,2 directions, respectively

free-stream velocity

Cartesian coordinates fixed in the body
(See fig. 1.)

axial distance from body apex

axial distance from body apex to vortex
flow separation point

angle of attack (See fig. 1.)

angle of sideslip (See fig. 1.)

vortex strength

canard incidence

wing semiapex angle

complex coordinate, 4472

angle of pitch, (of-4-5%)'*

initial angular position of vortex

complex coordinate in transformed circle

plane (See sketeh (a).)
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7 Gy @ angle of roll (See fig. 2(a).)
} V,w velocity components in the ¢ plane cor-
responding to v, in the ¢ plane
¢ ) conjugate of a complex variable (e.g.,
q C”’{j___‘_s 1. T=y—i2)
a - x
~ v SUBSCRIPTS
B body
Be body-canard combination
BW body-wing combination
BW('  body-wing-canard combination
s L lower surface
T U upper surface
»‘ v vortex
\ W wing alone
ﬁ’ — Cn{b W(B)  wing in presence ol body
R g I @ angle of attack
B angle ol sideslip
1 vortex 1 (See sketeh (b))
2 vortex 2 (See sketeh (b))
Fraure 1.—Coordinate system.
A=? }

Volues of Parometers Investigoted

Porometer Basic Value Range in Volue
wing reot chord, o — 0 to 10 - 3¢ Aﬁ.l ‘\ l
Angle of roli, ¢ 0give !
Cruciform wing O ond I5° 0 to 45" - —— 5934 = M*2.67d'4
Plonar wing o] 0 10 90" '
Angle of pitch, 8 20° 10° to 30°
Wing aspect rotio, 4 2 0104 (b) Configuration B.
Vortex strength, Cp +0.263 O to £0.395
initial vortex position
Rodicl position, IVA, 1.61 —_
Angular position, g, |($+30%) 2 25" ($+90%) £ (20" 10 30") 754 1._ pe2
8
T A —— ¢t
2.160 <--=i 4 2.16d

4 TNT———— T "
C 34 ——L—-4620d
r ogive

w

/< (¢) Configuration €.

Ty
 ”

\{a

X\G
$

(a) Configuration A. (d) Configuration D.

Fiaure 2.—Configurations studied. Fraure 2.—Concluded.
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THEORETICAL CONSIDERATIONS

A theoretical method 1s desceribed for caleuluting
the paths of vortices and the influence ol the vor-
tices on the loading, forees, and moments acting on
wing-body  combinations.  The method is de-
veloped  within the framework ol slender-body
theory and 1s thus applicable to smooth slender
The

ceneral caleulative procedure consists ol the fol-

conficurations of arbitrary cross section.

lowing steps:

(1 Determinadion of the initial positions and
strengths of the vortices generated by the
forebody or canard surfuces

(20 Calealation of the vortex paths in the pres-
ence of the wing body combination

(3 Caleulation of the spanwise load distribution
or the forees and moments induced by the
vortices.

A deseription of the method wlong with an alter-
nate method for estimating the vortex-induced
forces and moments is presented in the following
paragraphs.

SLENDER-BODY METHOD

Initial vortex strengths and positions.—To
caleulate the path of u vortex in the vieinity of a
wing-hody combination, it is first necessary to
know the strength and position of the vortex in
the plane for which the ealeulations are to be
started.  In the present study, this plane is as-
sumed to be normal to the body axis at the leading
edge of the wing-body juncture.  One or more
pairs of vortices may be generated by a forebody
or by a bodyv-canard combination ahead ol the
wing,

In the case of a forebody at moderate angles of
attack, a pair ol vortices due to boundary-layer
separation is formed along the lee side of the body,
and these vortices move away from the body as
they progress downstream. A corresponding in-
crease in the vortex strength occeurs as a result of
the feeding action of the small vortex filaments in-
terconneeting the body boundary layer and the
vortex cores. Although no completely theoretical
method exists for ealeulating the strength and
position of body vortices, the analysis reported in
reference 6 has shown that the vortex coordinates
yeia and 2 amd the vortex strength parameter
('v/a for a body of circular eross section are fune-
tions only of the dimensionless parameter a(e,—

wgja. 1t has been found that the experimental

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

results given in references 7, 8, and 9 for various
angles of attack and lorebody shapes correlate sue-
cessfully by means of this parameter.  The result-
ing correlation curves are presented in figure 3(a).

g I ! o
= 20 Fxperiment (ref. 7,8, and 9)
38 ———-Calculated (ref. 10)
e . I !
o |
<
S S
o
- N
3 |°|v2
[
g
2 ¥ g
=
&
s
5 4 ‘*
x
3 Eo -
5 ; | Ha)|
[¢] { 2 3 _ 4 5 [3) 7
x,,gxia

(a1} Vortex strength ancd position for ogive-evlinders and
rone-evlinders,

20" 1 -
}
o ‘ !
] ! |
U’ 10} — i { J i
Q
S i . i -
‘ | H !
I [
Q 4 8 12 16 20
X,
Ei

(bt Axial location of vortex separation for ogive-exlinder
of reference G M .22,

Fravre 3.—-Vortex characteristies of bodies of revolution.

The location of the vortex-separation point s, was
found i reference 7 to move forward with in-
creasing angle of attack and to lie within the region
shown in ficure 3(h).
ence 7 that the observed vortex paths could be
predicted sutisfuctorily by means of a stepwise
numerical method based on two-dimensional in-
compressible-flow theory. This method, however,
requires the use of experimental values for the
vortex-separation point x, (fig. 3(b)) and for the
body cross-flow drag coeflicients.  In reference 10,
. theoretical method is developed for ealeulating
both the strength and positions of vortices from
cireular eylinders and cones for which onlv the
peripheral location on the body of the vortex sepa-

It was also shown in refer-
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ration point must be determined from experiment.
Some results computed by this method are shown
in ficure 3(a) for comparison with experiment.
Comparison indicates that the strength and verti-
eal displacement of the body vortices are consid-
erably underestimated by the method of reference
10.

The results given in figure 3 may also be used
for bodies of revolution at combined angles of
attack and sideslip provided the angle of piteh 6
i< substituted for the angle of attack « and the
vortex positions i, and z, are rotated through the
angle ¢ at a constant radial location. The ap-
proximate relationships among these angles are

f=\ o B (1)
¢ - tan 1B (2)
o

For body-canard combinations the induced
vortex flow ficld ean generally be represented by a
<ingle line vortex originating from the trailing
edge of cach canard panel, hecause inmost cases
the body cross-flow vortices are relatively weak
and the trailing vortex sheet from the canard
panel is essentially rolled up into a single vortex
at the wing location. The strengths and initial
spanwise locations of these vortices are caleulated
directly from the lift and spanwise circulation
distribution of the canard surfaces in the presence
of the body. A theoretical method is presented in
reference 2 for caleulating the strengths and posi-
tions ol the vortices trailing from a eanard-body
combination at zero sideslip as funections of the
lift and spanwise load distribution ol the canard
surfaces due to angle of attack and incidence.
This method is applicable to configurations in
sideslip as well as those at zero sideslip since the
theoretical spanwise circulation distribution is the
same as the spanwise load distribution for zero
sideslip and is independent ol sideslip.

Vortex paths. -The determination of the paths
of vortices in the presence of a body or wing-body
combination requires au stepwise numerical caleu-
Lition of the vortex positions at successive stream-
wise locations. For slender configurations, a
method is developed for computing these paths on
the basis of the analysis of reference 11 which
treats the motion of vortices in the presence of
solid boundaries in two-dimensional incompress-
ible flow.

FORCES, AND MOMENTS O SLENDER AIRCRAFT 9

=4

Consider first the flow in a crossllow plane of o
body ol arbitrary cross seetion in the presence ol
m vortices of known strengths T, I'y and positions
5 €e as shown in sketeh (o for both the physical
and transformed  cirele planes.  ITmage vortices
are required inside the cirele in the ¢ plane to
satislv the boundary condition of no flow through
the body surface.  The product Vo represents the
component ol the free-stream veloeity in the eross-
flow plane,

o plane

sketeh (a)

The ealeulation of the change in position of a
vortex (e.g., vortex f) in thie ¢ plane as it progresses
an ineremental distance Ae downstream is given
by the expression

Aty ("’+ i "’f) Ar ()

where 2; and w; are the components of the resultant
velocity at the vortex position ¢, It is shown in
reference 11 that these velocity components in
the ¢ plane c¢an be obtained from those in the ¢
plane by the relationship

R e
i (Y w,) (:;((i);h— /411"[ (r//t;_ J 4
),

where

Y,—dw, - — V'8 (4"’*’

The first {wo terms in equation (5) give the veloce-
ity at the vortex location ¢; due to the crossflow
component ol the free-stream velocity V8, and the
remaining terms account for the velocity at o, due
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to all of the other vortices in the system. The
last term in equation (4) represents the reaction
from the body upon vortex j due to the effect of
this vortex,

The general expressions given by equations (3)
{o (5) can be applied to the stepwise numerical
caleulation of the paths of vortices of known
strength and initial position in the presence ol a
body or wing-body combination for which the con-
formal transformation of the cross section to a
cirele is known.  General expressions are given in
references 12 to 15 for such transformations for a
wide variety of body and wing-body combinations.
For the special cuse of a circular body, equations
(4) and (5) simplify to those used in references 7
and 16 to caleulate the paths of vortices in the
presence ol a body of revolution,

As an illustration of the application of the
general expressions for calculating vortex paths,
consider two vortices having strengths of equal
magnitude but of opposite sense in the presence of
a circular-body and erueiform-wing combination
inclined in both piteh and roll with respect to the
free streany, as shown in sketeh (). The change

¢

FoA

§ ptane

o plane

Sketclt (b)

in position of vortex 1 in the distance Ar is given
by equation (3) as

As“l:(%-{—i ) A ©)

where the velocities in the ¢ and ¢ planes, respec-
tively, are given by equations (4) and (5) as

%
do ?. I (W)l

di 1_21;<_a‘
d¢/y

0y = (Y1 —tw)) ( (7)

and

Yi—iwo=—i18 (F— o)
o] .

i 1 1 1
27 re
gy — = g)— =

g1 (5]

The conformal mapping function relating the ¢
and ¢ planes is (ref. 12)

o (145 )= (145) (9)
et (1+‘§) (10)

Differentiation of equation (9) once gives

where

a4
do ¢ EZ
Go_§__ ¢ 1
di o rt (1)
1—=
g
and a second time gives
do_dolL/fy 4 Ndo_1 /[, 4
der de| ol Hlde o at
1-" -
g §

(12)

The corresponding conformal-mapping relation-
ships for a planar wing-body combination (no
vertical wing panels) are

a® r? .
H'?—!T-l-; (13)
where
2
r=;1)-s(l+%> (14)
a?
(]Uil_ii”z 5
T 1)
1=
(120_0 do 1 do 1

Ao~ ds 0(1—‘/’2)"_‘“—;(1_;2) (16)

Load distributions due to vortices.—Once the
positions of the vortices & in a given crossflow
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plane have been determined for a slender wing-
body combination the pressure and henee the load-
g at any point along the body and wing panel in
this plane can be caleulated by slender-body theor v
The pressure coefficient at any point on an
arbitrary body inelined at an angle of attack «
and sideslip 8 is given by the general expression

(,=— i' (u -%all,'—ﬂl‘)——-‘],_z (r24an?) (17)
where the perturbation velocities u, o, w represent.
the local velocities and those at infinity.  Kach of
the velocity components can be considered to be
made up of three parts, one due to angle of attack,
one due to angle ol sideslip, and one due to the
vortices.  Thus,

U=UoFusF U,
r=rotratr, (18)
w==w,+wy+w,

The loading coefficient at a given spanwise location
is then computed from

Ap_

q I‘L‘('Il(r (19)

For_bodies or body-wing combinations symmetri-
eal wbout both the vertical and horizontal planes,
the following conditions are applicable:

oy = —Uq,. Mg, ==Ug,.
P8, =y, (20)

raL: _[‘"L'

‘U,'QL — 'll‘ul , ‘lDdL —_ — u,"d(’r

Substitution of equations (17), (18), and (20)
into equation (19) gives for the total loading

%[!{:'4' (Mag~ratws,—Bra, )+ ‘%é (Peg P34 10, 003,)
2 1.
+{7’(”“"— urn") + 1":’[ (""‘1’2+ ""‘U?> - (["‘I,2+Ql”'L2)
+ 200, (00,0 2w, (10, w,,)
2003, = VB) (e, = t0) T 20000, 4 Va)(w, . —w,, )]
(21)

The first two terms in this equation represent the
loading due to the flow in the absence of vortices
BO1T62—61—— -2
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and the remaining terms account for the additional
loading due to the vortices. On the surface of o
horizontal wing panel (:=0), ecquation (21)
simplifies to

Ap_ 4
] (710( .Bla()+ Y,/“,lldl + (u "'1
1 ) L
+ ‘ réll'y[,'— I',‘L"j—_)/‘aU(prr%_ pr'L)
‘)(i' v—‘ ﬁ) (1; 1’1 I (22)

and on the surface of a body revolution of
radius @ the loading at a given value of ¥ is

?2?%(1% ‘B)-}_ ("" ”L)

" 'Q_I‘LL +'“"L (]'l R ’1)
+2({"3u_ VB) (1‘1‘(’_(‘l‘1,)] (23)

General expressions [or the velocity components
for caleulation of the loading from equation (20),
(21), or (22) are

Va dr?

2M(o) dr (24)

Uom=

(wot+Va)+ir, “a(H» ):;:T (25)
(ra—VB)—iug=—1 B<l~v : :ﬁ (26)

1 mo 1 do  da,
fal T DR ((/.1'-_)

= T—oy dr

_771v <’//¢r+ :' (/47A 1 dr ) @7)

¢ Nl Ydr G dr
7,
LON E da,’
W, = ]I I . ¢ A )
£ Z Evd, ll’.l dr

(T L)y

Ar T dr T, dr
g—=-
Ok
=g o b [ D N7 ()
rl,+”z )7l' I;:—ll k o—a, L_v {/g. -
o
I 1 U\ oy
it =g 2 N (A (7)) 6o
o
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Evaluation of these velocities requires only a
knowledge of the conformal transformation be-
tween the configuration cross seetion and a cirele.
For a cruciform or planar wing in combination
with a body of circular cross section, expressions
were given in equations (9), (10), (13), and (14)
for the transformations. These cquations can be
combined with equations (24), (25), and (26) to
give vxpro«ions for the potential-flow velocity
components in terms of the 1)11\\1((11 plane co-
ordinates. The resulting expressions are presented
in table 1.

Forces and moments due to vortices.—The
forces and moments acting on the wing or hody
of & combination due to vortices are obtained from
integrations of the load distributions computed
However, the forces
and moments due to vortices acting on the com-
plete combination can be obtained directly from
the vortex positions with the use of the slender-
Tt is shown in this
analvsis that the side foree and normal foree due

from the foregoing relations.

body analysis of reference 5.

to m vortices neting on a slender hody are given by

. -)l i /fl\
Cyd = { Zl( )]
‘7;
1
| 2o ( ] } 31)
=1 ;
and the corresponding moments are given by
D Yoo " 4 2
('"7‘7 ol vm” - -'L J ‘l"’/ Y."I‘I.‘ Uﬁ;_:’;f ({‘l‘
Vi), Tdal = A
1 d .
== d (' (Gde (32
(1,[1» Jr/,r( rtiCayds (32)

For the ease of one pair of vortices these expres-
sions reduce to

2T 2
-0 M;I [(Jlfi — .-} _)_)
o AP
—(alﬂ —a,+ ] (33)
r==n

. 2/1 (r d P
(Al — = — = 0=
W ‘ (/ .‘(l ([l( [ 7 {» o'_,)dJ (;4)

1t is noted from these equations that the forees
due to the vortices along any portion of the cou-

ficuration can be caleulated directly from the
change in position of the vortices in the trans-
formed eirele plane between one z station and
another. The ealeulation of the moments, how-
ever, requires an integration of these positions
along the body. This integration can be performed
simultancously with the numerical stepwise cal-
culation of the vortex paths by means of the

relationship
CINAx .,
),k'<":*§)*;["[(( ¥

(CrtiC)] (35)

(( !n -% ?( Ym) Wil (( 'n + l( v,,,

Al )

where n s the number of streamwise intervals
from the origin to the Jongitudinal station under
consideration.

LINEAR-THEORY METHOD

The forces and moments acting on a wing-hody
combinution in the presence of vortices are gen-

rally  ealeulated by linearized  wing
thvm\' for potential flow in conjunction with a
reverse-flow theorem.  (See, ez, refs. 1 to 4)
In the application of this method, it is assutned
that the puths of the vortices generated by the
forward surfaces are not influenced by the trailing
curfces and that the flow angularity induced by
the vortices varies only with the spanwise co-
ordinate. In addition, the chordwise location of
the vortex-induced load must be assumed in order
o ostinmte the moments. These assumptions
would be expected to be more valid for surfaces
of high uspect ratio than those of Tow aspect ratio.

Consider a general wing-hody combination as
shown in figure 1. The normal foree and pitching
moment acting on the combination due o m
vortices of given strength Ty amd position (yx,Zx)
in the erossflow plane are given by

A Il T I n A . +
1 w I:J ( ¢ ’/"H—_J,,l ;'({Zui)x;'(l!/:l (36)

andd

"= Eﬁ'[f" w ey
(nzi Sd u "( o ’)“,‘l"l"[.’/
R e N
+J"' "( ‘1 )u‘er(l]/] (37)

nieans  of
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The upwash w due to the vortices and their images
is given by

m — Y
w:‘)—l- > I‘k[—~y Y
ST 1
1

(y—uy)*+

-
(]

where

2u?

(39)

oyt

The quantity (e,e/adw, which represents the span
loading coeflicient for the wing alone in reverse
flow, is a function of the sideslip angle 8. For
many instances the shape of the span loading
curve can be considered independent of sideslip
with only the integrated load on each side of the

combination being aflected.  In such cases

c,C (YNH ¢,
G () (40)
« (N NES VS )Y

a B=0n"

and for slender wing panels, from veference 1,

(x, K :
——=1+-—% gon the right panel (41)

Na. g0 tan e

(s ;
—,—)"—:1—~ K, g on the left panel (42)
(_Va'@_0 tan e

where K,=2/r for a planar wing and .38 for a
cruciform wing,

For many practical cases the span load distri-
bution for the wing panels in reverse flow can be
approximated by elementary analytical funetions
such as a straight line or ellipse.  For such cases,
equations (36) and (37) ecan be integrated in
closed form. In rveference 2, for example, solu-
tions of equation (36) were obtained for various
linear span load distributions, and charts were
presented for the rapid determination of a vortex
interference factor from which the normal foree
due to a symmetrieal pair of vortices ean be com-
puted for wing-body combinations having bodies
of cireular cross section.  Because of the vortex-
symmetry requirement, application of these charts
is limited to configurations at zero sideslip.

In order to extend the charts of reference 2 to
the general case of combined angles ol attack or
anard defleetions and sideslip angles, figures 4
and 5 have been prepared.  These curves present
values of the vortex interference lactor 1, for the
positive (right) half of the wing-body combinution

under the influence of a single vortex at any posi-
tion in the -z plane. Values for the negative
(left) half ol the combination are obtained from
these figures simply by a reversal in the sign of
the lateral coordinate . The curves of figures 4
and 5 are also applicable to negative values of 2
Figure 4 presents inter-
ference (actors for a triangular distribution of
loading along the span (no load at wing tip),
whereas figure 5 gives the corresponding results
for a trapezoidal distribution for which the wing-
tip load is one hall that at the root.  Auxiliary
waleulations of the interference factors for an
elliptical load distribution have shown that the
results were in such close agreement with those
for a trapezoldal distribution that the curves of
ficure 5 can be applied 1o either type of distribu-
tion.

The curves of figures 4 and 5 can be employed
to caleulate the effect of any number ol vortices
of known strength and position on the normal-
foree coeflicient of a wing-body combination by
superposition.  Thus, for m vortices

as well as positive values.

]{W (» i . ™
L N Vi
oz Lo 25 070,
m
+( vy pk,-r‘) ] (43)
N k=1 "L

where the subseripts R and L refer to the right

and left side, respectively, of the wing-body

combination, and the interference fTactor 4, is

defined as

w £E dy (44)
«

;o 2mls—a) [
"Iy S,

oW “a

Equation (43) in conjunction with figures 4 and
5 can also be used to determine the side-foree
coeflicient - Cy due to an arbitrary svstem of
vortices for the vertical surfaces of a wing-body
or tail-body combination. In this case the quan-
tity Cly,, In equation (43) is replaced by Oy
of the vertical surlace, and the y and z coordinates
of the vortices are interchanged when figures 4
and 5 are used to obtain values of 4,.

APPLICATION AND EVALUATION OF SLENDER-
BODY METHOD

SCOPE AND PROCEDURE

method  based on
slender-body  theory has been applied to the

The stepwise theoretieal



10 TECHNICAL REPORT R—101—NATIONAL AERONATUTICS AND SPACE ADMINISTRATION

2.0

2.0

NN -
/V=-l.e\ -9 2»0\ -2.1/ oo =
'* \\ \ \ ) /2.3/
N [/ A e
] o gE=NE
f SN\ inzZe=sy
AW ==\\1//Z=SN
O AVEgrzz= ., =SNNN
o T AN ==y

2.0 -1.6 .2 .8 4 0 4 .8 1.2 1.6
A
(1) a/s=0.2
I s rtex-interference factors for {riangular span load distribution.
\ / //
/'

AN

I

RN
N

\—'\—
\
\\

\
:: N \ / i:: \\
=\l =
IZam /7 =SSN
[ 4/ o \////B’“\\ -;-2:"2\2 A \6\ iy



EFFECTS OF VORTEX FLOWS ON THE LOADING, FORCES, AND MOMENTS OF SLENDER AIRCRAFT 11

™ \

2.0 ~3

\_\
N

1.6 —‘ \\ \ )

N
\
S
Yy
-
— R R S

_
N

INNNS

N
@
N

|

]

/
.

'

2 — ' \ -
L -.,./;‘\§\\\\\ f //,/A/*}\\
IRVAVEIZ== /=S8N
ORI E =\l <SNW
e RPN SN
(8) ajs=0.2

Frovrre 5--Vortex-interference factors for a linear span load distribution with a root to tip load ratio of 2,



TECHNICAL REPORT R—101" “NATIONAL AERONATUTICS AND S8PACE ADMINISTRATION

IR an

iy:-8 -9
I P S -7 N

\ .
—] ~ \ 2
,zf -6 “k\\\\ \ ////3/
| TN\
AT NN L T
Nye /*;ztr\\xw%%¢z e
oA B =S\|Il// ===
[ S “W%Z;\Y
of UL Y/ Za N

/
pd

ARV

N e

LA N
/

2N




EFFECTS OF VORTEX FLOWS ON THE LOADING, FORCES, AND MOMENTS OF SLENDER AIRCRAFYT 13

caleulation of the paths of a vortex pair in the
presence of the family of wing-body combinations
shown in figure 2(a), and also to the caleulation
of the corresponding load distributions, forces,
and moments indueed by the vortices on these
combinations.  For these caleulations the vortex
strength and initial positions (at #=0) as well s
the configuration orientation to the stream are
specifiecd. Henee, the geometry of the lorebody
i= shown unspecified in figure 2(a). The table
presented in figure 2(a) lists the parameters which
were varied independently over the range indicated
while the remaining quantities were hebd constant
at the haste values listed.

Evaluation of the theoretieal method was made
by mieans of comparisons of computed vortex
paths, forees, and moments with experimental
results for the three speeifie configurations shown
in figures 2 (b, (¢), and (d) and with the results
computed by two alternate theoretical methods.
The experimental vesults for  configuration B
were obtained from reference 1; those for con-
ficuration €', from unpublished wind-tunnel tests;
and those for conficuration D, from reference 17,
The method used to extract the experimental
forces and moments due to vortex-interference
effects depended upon the nature of the available
data.  In the ease of configuration B, where only
wing-panel forces and moments were measured,
the effects of the forebody vortices on the normal
foree and pitehing moment were ealeutated from
the relationships

Kw : - -
(= lfw- (( AV”,‘”J—( ‘\-W“::"[\ weos ) (45)
. Ky, : - | -
( "'L‘: '[l’u; (( "'H'\H)‘( m"v“;:()l\“' s "ﬁ) (4())

where all of the acrodynamic coefficients were
obtained from experimental results. The wing-
body interference NIt rvatios Ky and kw oiven
by slender-body theory  were obtained  from
reference 2 in which it was shown by comparisons
with experiment that these ratios are valid for
combinntions having arbitrary wing plan forms
al cither subsonic or supersonic speed.  This
result. confirms the obscervation made in reference
18 that the theoretical lift ratios apply to any
wing-body combination having a evlindrieal body

and a spanwise load distribution corresponding to
minimum  vortex drag. The total forces and
moments acting on the winged portion of the
combination are given by

] Ky, -
( A\':’A.“, ( Nwen) (47)

. Ky . .
( s I\'W ( MW By (4‘\)

In the eases of configurations ¢* and 1) where
the forces and moments have been measured on
the bodies in various combinations with the wings
and canard surfaces, the normal force and pitehing
moment induced by the canard-surlace vortices
on the wing-body combinations were determined
from the relationships

Oy Cx e Ve Oy w T Cxg (49)

v ' 1 ' f ~
( e ( ”‘BW’Ci( ’”li(_‘—_( ///R¥,‘r+( my (')”)

In the comparisons between the caleulated and
experimental forees and moments, the slender-
body  method of the present mvestigation 18
designated (1) curved paths, slender-body forees.”
The two alternate methods are ealled #(2) straight
paths, slender-body forces™ in which the vortex
paths ave assumed parallel to the body axis and
the forees and moments are computed by the
slender-body theory of (1):and “(3) straight paths,
reverse-flow forees,” in which the vortex paths are
the sane as those for (2) and the forees and
aleulated by
The vortex strengths and initial posi-

monents  are
method.
tions used to ealeulate the vortex paths and

the  linear-theory

induced loads are listed in table 11

The results of these ealenlations and  com-
parisons with experiment are  discussed in the
following paragraphs.  The ealeulated
paths, as affected by the parameters ol figure
2(n), are first considered and arve then compared
The corresponding

vortex

with observed vortex paths,
load distributions, lorees, and moments due to
vortices are then discussed, and finally the com-
parisons are shown between the caleulated and
measured forees and moments acting on con-
figurations B, €', and D.
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VORTEX PATHS

The ealeulated paths for configuration A (fig.
2(a)) are presented in figures 6 to 11in terms of the
vortex locations in the transverse (=) plane at
the indieated longitudinal positions, »/a.  The
corresponding locations of the loeal leading edges
of the wing panels are also shown on these figures
for convenienee in relating the vortex paths to
the wing-body  geometry.,  Comparisons ol the
caleulated vortex paths with experimentally ob-
served positions for configurations (' and 1) are
presented in figures 12 and 13.

Vortices of various strengths.- -Iigure 6 is
presented to show the influence on the vortex
motions of changes in the vortex strength.  Since
the angle of piteh, initial vortex position, and wing
geometry are fixed, this variation in vortex strength
might represent, for exaunple, the effeets of changes
inincidence of canard surfaces mounted ahead of
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Fiavre 6. -Vortex paths for various vortex stwngﬂn
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the wing. The vortex paths given in figures 6 (a)
and (e) for a vortex strength of 0 represent stream-
lines ol the potential crossflow. Tt is noted that as
the vortex strength increases, the vortex motions
in the direction of the potential streamlines
decrease and reversals in the paths oceur earlier,
These results are caused primarily by an inerease
in the mutual effects of the velocities induced by
the vortices and their image systems due to an
inerease in vortex strength.  For most of the
vortex paths shown in figure 6, these vortex-
induced veloeities acted in a direction counter to
the potential crossflow.

Vortices of various initial positions.
the cffects of changes in the initial distance
between two vortices of constant strength on their
subsequent paths, figure 7 is presented.  The
curves show that as the initinl distance is di-
minshed, the suceeeding vortex motions inerease,
and an earlier reversal in the divection of the paths
occurs in those cases where such reversal takes
place. These changes are the results of increases
in the mutual induction among the vortices and
their images in accordance with the fundamental

501762 .61 — 3

To show

relationship that the veloeity induced by one
vortex at the location of another is inversely
proportional to the distance between the two
vortices,

Angles of roll. T'o show how the vortex paths
are Influenced by the proximity of the vortices to
the wing panel, the paths are presented in figure R
for the eruciform configuration at various rvoll
angles. Tt is noted that in all eases the vortices
initially move in the direetion of potential-flow
streamlines (fig. 6 (a) and (e)) but that in many
cuses the direction of these paths is reversed,
resulting in a motion counter to the potentinl-flow
streamlines, for example, the right-hand vortex
path of figure S(a}. Tt is also observed that the
closer a vortex is to the surface of the body or a
wing panel as the result of a change in the angle
ol roll, the more rapid is the vortex motion (see,
c.g., figs. 8 (a) to (e)). These results stem from
the fact that the motion of a vortex is influenced
by two factors: (1) the potential crossflow and
(2) the vortex flow, consisting of the flow due to
the other vortex, the image vortices inside the
wing-body combination, and the reaction from
the body or wing panel on the vortex due to the
effect of this vortex. In those cases where a
vortex passed close to a wing or body it moved
close to its image vortex in the mathematical
model and, henee, the effeet of the image vortex
predominates over all other effects. For example,
the paths of the right-hand voriex for roll angles
of 15° to 30° (figs. 8 (¢), (d), and {e}) ean be
explained qualitatively on this basis.  In these
cases, the reversal in the direetion of the vortex
path is caused by the influence of the upper verti-
cul wing panel which comes close to the vortex
when zfa execeds 1. This effeet is represented in
the caleulations by an image vortex inside the
wing panel and direetly opposite the external
vortex. The image vortex rotates in a clockwise
direetion, and thus imparts o downward motion to
the external vortex when it is on the right-hand
side of the wing panel and an upward motion when
on the left-hand side.  When the external vortex
appronches the wing leading edge the image ear-
ries the vortex avound the edge from one side to
the other; this effect ean be seen for a roll angle of
30° (fig. 8(c)). It is noted that the motion of the
vortex beside the vertical wing panel is continued
along the body and the right horizontal wing until
the vortex moves away from the surface, in which
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ense the influenee of the image vortex decreases
and the vortex follows a path approaching a
potential-flow streamline. It is observed from
figure 8 that a eritical roll angle exists for this
example between 30° and 33%° which determines
whether the vortex is sufficiently close to the wing
to be turned around the leading edge or to remain
on the left-hand side.

The ecalculated vortex paths for a planar-wing
and body combination are presented in figure 9.
The large effect of the vertieal wing panels on the
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vortex paths when the configuration is at an angle
of roll is evident from a comparison of this figure
with figure 8 for a given roll angle.

Angles of pitch.—-Figure 10 is presented to show
the effects of piteh angle in changing the motions
of vortices having fixed initiul positions  Since the
inelination of & body results in a proportional
increase in the strength ol the shed vorticity, the
vortex strength for the present calculations was
accordingly incrensed in direct proportion to the
piteh angle. The results of figure 10 show that
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these changes in angle ol piteh and vortex strength
caused an increase in the vortex motions for both
roll angles. This incrense would be expected
since the veloeities due to both the potential cross-
flow and the vortex flow are inercased when the
angle of pitch and vortex strength are increased.
The increasing downward movement in the vor-
tices at =0 and in the right-hand vortex at ¢=15°
due to an inerease in piteh angle indieates that the
motions of these vortices ave influenced primarily
by the inerease in vortex strength, whereas the
corresponding increasing upward movement of the
left-hand vortex at ¢—15° shows that the motion
of this vortex is influenced mainly by the inerease
in the potential crossflow velocities caused by the
increased inelination of the body.

Wings of various aspect ratios. -In order to
show the change of vortex motions due to an
increase in the wing spun relative to the bhody
dinmeter, vortex paths are presented in figure 11
for various wing aspeet ratios.  Sinee the angle of
attack and vortex strength are constant, the vortex
paths are influenced by only two effects: (1)
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change in the potentinl crosstlow field due to the
wing panels and (2) change in the vortex image
system of the wing pane's. At =0, an increase
in the aspect ratio causes a change in the erosstlow
which moves the two vortices closer together
inttially, and this, in turn, inereases the mutual
downward induction between the vortices,  Thus,
as the aspect ratio is incereased the reversal in the
vortex motion occurs earlier. At a roll angle of
15°, the primary effect of wing aspect ratio is
upon the vortex image system ol the wing panels
which influences the vortex paths. The upper
wing pantel controls the reversal in the path of the
right-hand vortex and the right horizontal panel
influences primarily the lateral motion of this
vortex.

Comparisons of calculated and measured vortex
paths. —To evaluate the ealculative method for
predicting vortex paths in some specific cases,
compurisons are presented in figures 12 and 13
hetween some observed vortex paths and the paths
computed by the slender-body method.  Figure
12 shows that the path of the observed vortex
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core over most of the wing of configuration C is in
reasonably close agreenment with the ealeulated
path.  The difference between the caleulated and
experimental lateral positions at the forward part
of the wing stems from the fact that the observed
vortex core represents only the rolled-up portion
of the trailing vortex wake, and thus is located out-
board of the computed vortex which is located at
the center of gravity of the total vorticity., As
the wake travels downstream it tends to become
inereasingly rolled up into a single vortex repre-
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sented by the observed vortex core.  Because the
observed core tends to approach the caleulated
path, this path is considered to be a close predic-
tion of the center of gravity of the actual vortex
wake.  These results are in basie agreement with
those obtained in reference 19 for wings in incom-
pressible flow.,

Figure 13 indicates that the trends in the vortex
paths of configuration D are predicted by the cal-
culated results but that in many cases the actual
vortex positions are considerably different from the
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predicted positions. These differences are believed
to be the result of three-dimensional effects
associated with the nonslender effective aspect
rutio BA of the wing which is about 1.7 at M=1.3
and 4.0 at M=2.2. Since the caleulative method
is based on slender-body theory, it would be
expected to predict accurately the vortex path
only for combinations having wings of low effec-
tive aspect ratio, such as configuration € which
has u value of about 1.0 at a Mach number of 3.0.
LOAD DISTRIBUTIONS, FORCES, AND MOMENTS DUE TO
VORTICES

Caleulated load distributions, forces, and mo-
ments acting on configuration A due to a pair of
vortices following the calculated paths previously
discussed are given in figures 14 to 21, The foree
curves muy also be used to ealeulate the longi-
tudinal load distributions since
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and

Thus, the slope of a force curve at a given value
of w/a represents the total induced load at that
longitudinal position.

(omparisons of the calculated forces and mo-
ments with experimental results for configurations
B, (!, and D (fig. 2) are given in figures 22 to 29.

Vortices of various strengths. -The vortex-
induced forces and moments for several vortex
strengths are presented in figure 14, corresponding
to the vortex paths of figure 6. It is noted that
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In some cases an increase in vortex strength
results in a proportional increase in the induced
forces and moments. The deviation {rom this
result for the remaining cases reflects the influence
of changes in the vortex paths due to changes in
the vortex strength.

Vortices of various initial pesitions.—The vor-
tex-induced forces and moments for various initial
vortex positions are presented in figure 15, corre-
sponding to the vortex paths of figure 8. Tt is
noted that in general the induced forces and
momenis are smaller since the two vortices start
closer together (larger p;) but that differences in
the subsequent paths of these vortices exert a
strong influence on the forces and moments.

Angles of roll. —The spanwise load distributions
due to vortices, corresponding to the vortex paths
of figure 8, are shown in figure 16. A comparison

“the vortex-path results given in figure 8.
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15°; py=-80°

of these two figures for a given roll angle illustrates
the correspondence ol the load distributions with
the vortex locations. Tt is seen that where a
vortex is close to the wing or body, large concen-
trated loads are indueced at that point and that
on other portions of the configuration the loads
are small or negligible.

The vortex-induced forces and moments for
various roll angles are shown in figure 17. There
is a strong correspondence of these results with
In those
cases where the vortex paths change relatively
slowly in the %-z plane, for example, ¢=0° and
7.5°, the forces and moments also change rather
slowly, but when the paths change rapidly, for
example, ¢=22.5% and 30°, the forces and moments
likewise change rapidly. 1t can be seen that each
change in direction of a vortex path, when close
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Fréure 12.--Comparison of ealeulated and experimental
vortex paths; confignration O with inline canard sur-
faces: M 3.0; ¢ - 0°,

to the wing-body combination, results in a corre-
sponding change in the forces and moments.
Figure 17 shows that, in general, the vortex-
induced forces tend to oppose those acting on the
configuration in potential flow. For example, the
normal force due to vortices (v, is negative
whereas the total normal force in potential flow is
positive at a positive pitch angle. From the
slopes of the foree curves, it is noted that these
opposing loads are located primarily in the region
ol z/a between 1 and 3 at all roll angles. The
center of the vortex load is in all cases ahead of
¢/a—=5 and in some eases ahead of the wing itsell
(see, c.g., 'y, and O, of fig. 17(b)). "This effect
is caused by a couple created by opposing loads on
the forward and rearward portions of the
combination.

The rolling moments induced by the vortices
were caleulated from integrations of the load
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Frovre 13.—Comparison of caleulated and experinental
vortex paths; configuration 15 ¢= 0°.

distributions, and the results are given in figure 18
for two roll angles. It is noted that for short
wing-body combinations (#/a less than about 4)
the rolling moments are positive, but for longer
combinutions they are negative.

The vortex-induced forces and moments for
several roll angles of a planar wing-body com-
bination are given in figure 19. Comparison of
these results with those for the eruciform con-
ficuration (fig. 17) shows that removal of the
vertical wing panels causes large changes in the
forces which are associated with the changes in
vortex paths. Greater maximum induced forees
and moments are generally encountered by the
planar configuration than the cruciform combina-
tion at a given roll angle.

Angles of pitch. The vortex-induced forces
and moments for various pitch angles are pre-
sented in figure 20. From this figure, 1t is
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apparent that the effects of piteh angle on Cy and
Cn at =0 and on p and O, at ¢=15°
are primarily the result of the corresponding
changes in vortex strength beeause the magnitude
ol these forces and moments is approximately
proportional to the pitch angle. However, the
effeets of pitch angle on 'y and (', at ¢=15°
appear to be largely influenced by changes in the
vortex paths (fig. 20) because the changes in 'y
and (', are not proportional to pitch angle.

Wings of various aspect ratios.—The vortex-
induced forces and moments for various wing
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aspeet ratios are presented in figure 210 A change
in aspeet ratio influences the indueed forees and
noments on the configuration by changing the
vortex paths (fig. 11) and the wing spun over
which the vortex loading acts.  Figure 21 shows
that at small values of 2ja the forces and moments
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Ficure 16, —Calenlated load distribution due to vorticees

for various augle of roll: configuration A with cruciform
wing ;8 -20%; .1 25 O (.263.

change progressively with aspeet ratio, but at
larger values the predominant effects ol the
vortex paths are evident,
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Comparisons of calculated results with experi-
ment.—Comparisons are presented in figure 22
between the caleulated and experimental results
for the forces and centers of pressure induced by
two forebody vortices on configuration B, These
results show that none of the theoretical methods
provided a close prediction of the experimental
vortex-induced effeets over the whole range of
piteh and roll angles considered, although for

some conditions the agreement is close.  These
differences presumably can be attributed to the
limitations and assumptions involved in the theo-
retical methods,  Method (1) can be considered
to be the most exact in that it takes into account
the influenee of the wing-body flow field on the
vortex paths. However, the methods for caleu-
lating the paths and forces are based on slender-
body theory and thus are rvestricted to wing-
body combinations having wings of low effective
aspect ratio (B4 < < 4). Since the effective as-
peet ratio of the wing of configuration B at a
Mach number of 2 1s about 3.5 this requirement is
not met.  Another factor which may prevent the
vortices [ron following the ealeulated paths is the
possible oceurrence of regions of flow separation
caused by a vortex passing close to the surface.
An indication of this effect is shown in figure 22 for
the results shown as functions of roll angle .
The curves ealenlated by method (1) show abrupt
changes at roll angles near 30°, which are the result
of one vortex suddenly passing from one side of the
upper vertieal wing to the other, as discussed
previously relative to configuration A (see figs. 8
() and (1)), The experimental forees and mo-
ments, however, do not show these abrupt changes
predicted by the caleulated results, indicating that
the vortices fail 1o follow the computed paths at
these roll angles. The results for methods (2) and
(3) show that the assumption of constant vortex
paths (parallel to the body axis) gives variations
in the induced forees and moments with roll angle
which are closer to the experimental results.
These results also show that the use of reverse-
flow theory, which takes into account three-
dinmensional  effeets,  results  generally  in an
improvement in the prediction of the eenter of pres-
sure of the vortex-induced forees but has little
effect on the predietion of the forees themselves.
Comparisons between experimental and ealeu-
lated results for the total forees and centers of
pressure acting on configuration B arve presented
in figure 23 to show the importance of the differ-
ences just discussed for the vortex-induced forees
of figure 22. The results indicate that except
for roll angles near 25°, the caleutated normal foree
and center of pressure are affected only slightly
by the theoretical method used to compute the
vortex effects beeause the vortex-induced normal
foree is only a small part of the total normal force,
The total side foree predieted by all three methods
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Froure 22.-—Comparison of caleulated and experimental
forces and moments due to vortices; configuration B;
M—=2.0,

is in good agreement with experiment but only
niethod (3) was suecessful in predicting the center
of pressure of this foree at high piteh angles and
Tow roll angles.

Comparisons between the experimental and eal-
culated normal-force and pitching-moment. char-
acteristics of configuration (' with inline and
interdigitated canard surfaces are presented in
figures 24 to 27. These comparisons show that
method (1), emploving slender-body theory for
caleulation of both the vortex paths and induced
forces, generally gives the Dbest estimate of the
experimental normal force and pitching moment
for these configurations either at an angle of attack
or with the canard surfaces deflected.  This result
is to be expected from the fact that the wing is
reasonably  slender, having an effective aspeet
ratio of about 1 at a Mach number at 3.0, and that
the ealeulated vortex paths are in good agreement
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Fraure 22.-—Concluded.

with the measured paths, as previously discussed
(fig. 12).

Comparisons between the experimental and
aleulated  normal-foree  and  eenter-of-pressure
characteristies of configuration D are presented in

figures 28 und 29 for two Mach numbers.  Figure
28 shows that no siguificant differences  exist

among  the three methods for predieting the
normal force due to the canard vortices, but
method (3) appears to give the best prediction
of the center-of-pressure location, especially at
a Mach number of 2.2, At this Mach number
the effective aspect ratio of the wing is ubout 3.9
and hence the use of slender-body theory for
caleulating the vortex paths or forces would not
be expected to be valid. The results shown in
figure 29 indicate that in terms of the total forces
and monients, no significant  differences  exist
among the three ealeulative methods and that
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Fraure 23.—Comparison of calculated and experimental
total forces and moments; configuration B; A/=2.0.

the predicted values are in close agreement with
the experimental results,

CONCLUDING REMARKS

A general method based on slender-body theory
is developed for caleulating the paths of vortices
in the presence of wing-body combinations and
the effects of these vortices on the aerodynamic
loading, forces, and moments of the combinations
at subsonic, transonic, and supersonic speeds.
The method is applied to a family of triangular-
wing and body combinations with systematic
changes in the vortex strength, initial vortex
position, angle of roll, angle of pitch, and wing
aspect. ratio. The method is  evaluated by
comparisons of the caleulated vortex paths,
forces, and moments with experimental results
for several configurations and with the results
caleulated by alternate theoretical methods.

o Experiment
Caolculated
o] —— (1) Curved paths, slender-body forces
- ] «——==(2) Straight paths, slender-body forces
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3 . I
$:15°
ch
d g
’/
? R T SO =T L
e g A
;A_-’ [ Qe
o] et
0 i
’N\\
L
Cy Bl el S S S
-2
0]
3 -
8=
|
Jd
2
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{b) \
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(b) Lateral charactieristies.

Ficure 23.—Concluded.

Results of the theoretical study showed that all
the variables investigated had important effects
on the ealeulated vortex paths. It was found that
the closer a vortex approached the surface of a
wing-body combination the more its position in
the transverse plane changed as it moved down-
stream.  The inereased movement is due to the
increasing  predominance of the effect of the
vortex image system over the effeets of the poten-
tial crossflow and of the other vortices. For
combinations having slender wings (leading edge
well within the Mach cone) the experimental
paths of wvortices from canard surfaces were
closely predicted, but for a combination having a
nonslender wing (leading edge near the Mach
cone) only qualitative predictions of the paths
were obtained,

The caleulated loading, forces, and moments
due to vortices were influenced significantly by
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o) Experiment

Colculated:

X {1} Curved paths, slender -body forces
== =.1 ==== (2) Straight paths, slender-body forces
’ ' =——=- (3) Straight paths, reverse-flow forces
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IFicure 20 —Comparison of caleulated and experimental
forces and moments due to vortices; configuration €
with inline canard surfaces; M- 3.0,

changes in the variables investigated beeause of
the resulting changes in the vortex paths and
strengths,  Caleulated and  experimental  forees
and nmonents induced by vortices from the fore-
body or canard surfaces on three configurations
were in good agreement for slender wing-body
combinations.  The agreement for two nonslender
combinations, however, was only [air because of
the failure of the vortices to follow closely the
caleulated paths and beenuse of the use of slender-
body theory for ealeulating the loads.  The use
of an alternate method based on vortex paths
parallel to the body axis and on reverse-flow
theory resulted in some improvements in the
prediction of the vortex-indueed  Torces  and
moments for nonslender combinations, but for
slender  configurations  this  method  generally
impaived the predictions. The total forces and
montents acting on the various configurations
were predicted closely in most cases by either
theoretical method for ealeulating the vortex-
induced forees and moments.
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Frovre 25.-~Comparison of caleulated and experimental
{otz] forees and moments; configuration ¢° with inline
canard surfaces; W=23.0,

e} £ xperiment
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Fioure 26.—Compuarizon of caleulated and experimental
normal foree and pitehing moment due 1o vortices;
configuration ¢ with interdigitated canard surfuces;
M—3.0; a=0°.
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o Experiment
Calculated:
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Fravre 27 ——Comparizon of caleudated wnd experimental
total normal foree and pitehing moment; configuration

Cwith interdigitated canard sarfaces: M =3.0; « - 0°.
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Frovre 28 —Comparison of calculated and experimental
normal foree and eenter of pressure due {o vortices;
configuration D,
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. O Experiment
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TABLE TL- -VORTEN STRENGTIHS AND INTTIAL PORITIONN (0=0)

Configuration

B

Configurution

\

Tn-line

(¢
Interdigitated

D

8, deg

15
20
20
20
20
20
20
20
15

0
0

e deg
!
0 0. 147
| 0 L2063
| 7.5 . 263
15. 0 . 263
22,5 . 263
30.0 L 263
37.5 L 263
15.0 . 263
15.0 | 147
i

|6, dey ('r
10 026

o0 054

| 0 039

0 \ 060

0 \ 082
i

10 ‘ 020
2) ‘ 040
0 072
0 162
10 062
10 154
10 270
0 | 048
0 101
10 0146
10 108
10 C118

O

0. 62
.68
48
.28
.07
.14
.35
. b5
.30

8
a /1

63
.60
.63
.61
.60

Lo-0. 62

1. 15

1. 46 .68
1. 54 S 87
1. 59 ~ 104
1. 61 119
160 L
.57 | 143
L5l i. 51
1.27 .90

.08 163
S 12 S L 60
0 | 1. 63
0 ‘ 1. 61
0 1. 60
1,12 1. 12
1.12 112

48 1. 63

93 1. 51

39 1. 60

.05 1. 49

14 1. 37

.51 1. 63
1. 02 1. 51
.37 1. 60

11 1. 49
58 1. 37

@),

1. 15
1. 46
1. 36
123
1. 09
.92
.74
.55
.95

06
IR
0

1. 02
- 37
b
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